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Abstract
Purpose The main aim of this work was to determine the efficiency and mechanism of iron (Fe)-modified calcite (FMCA)
capping for preventing the release of phosphorus (P) from sediments.
Methods The performance of phosphate removal by FMCAs with different iron loading amounts was investigated using batch
experiments, the mechanism for the phosphate removal by FMCA was explored by X-ray photoelectron spectroscopy, and the
effect of FMCA capping on P mobilization in sediments at various depths was studied using high-resolution dialysis and
diffusive gradient in thin films (DGT).
Results FMCA possessed better phosphate adsorption ability for aqueous phosphate than raw calcite, and the phosphate removal
efficiency of FMCA increased with its loading amount of Fe. The replacement of Fe-bound hydroxyl groups with phosphate
anions to the inner-sphere surface complexes and the precipitation of calcium phosphate were vital to the sorption of phosphate
onto FMCA. FMCA capping could effectively inhibit the release of soluble reactive P (SRP) and labile P monitored by DGT
(DGT-P) from sediment to the overlying water. The decrease of DGT-P and pore water SRP in the top sediment layer is very
important for the control of sediment-P release into the overlying water. FMCA capping caused reductions of the concentrations
of Fe2+ and labile Fe monitored by DGT in the overlying water and the top sediment, suggesting a low risk of Fe releasing from
the FMCA capping layer.
Conclusion Iron-modified calcite has the potential to be an active capping material to suppress sedimentary P release.
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1 Introduction

Phosphorus (P) is identified to be a primary limiting nutrient
driving the growth of harmful algae in freshwater bodies such

as lakes, reservoirs, and ponds, and excessive P loading from
the internal source (IPS, i.e., sediment) is recognized as an
important cause of eutrophication in these freshwater bodies
when P input from external P sources such as municipal
wastewater and rain runoff is effectively controlled
(Schindler et al. 2008; Némery and Garnier 2016; Tong
et al. 2017; Chen et al. 2018; Tu et al. 2019). To reverse
internal P loading from sediments, several remediation tech-
nologies have been proposed, including ex situ remediation
(sediment dredging and treatment and disposal of dredged
sediment) (Oldenborg and Steinman 2019; Chen et al.
2020), oxygenation (Prepas and Burke 1997), in situ chemical
precipitation of sedimentary P with aluminum salt (Hansen
et al. 2003), in situ inert capping using non-active materials
(e.g., sand) (Kim and Jung 2010), and in situ active capping
(Akhurst et al. 2004; Berg et al. 2004; Yin and Kong 2015;
Zou et al. 2017; Xiong et al. 2018; Bonaglia et al. 2019; Gu
et al. 2019; Li et al. 2019b; Zhan et al. 2019). Among these
techniques, sediment remediation based on in situ active
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capping is considered to be a very promising method for
intercepting P release from sediment and has attracted wide-
spread attention recently (Akhurst et al. 2004; Berg et al.
2004; Gibbs and Özkundakci 2011; Yin and Kong 2015;
Zou et al. 2017; Xiong et al. 2018; Yu et al. 2018; Bonaglia
et al. 2019; Gu et al. 2019; Li et al. 2019b; Zhan et al. 2019).
The advantages of this method included application conve-
nience, simple operation, high efficiency, and low cost (Gu
et al. 2019; Wang et al. 2019; Zhan et al. 2020).

The choice of a suitable P-inactivating solid-phase agent
(PIA) as an active coveringmaterial is a key to the use of the in
situ active capping technology for the control of sedimentary
P release (Spears et al. 2013; Mucci et al. 2018). An ideal
active capping material should have the following advantages:
environmental friendliness, high P immobilization efficiency,
and low cost (Wang et al. 2012; Spears et al. 2013; Mucci
et al. 2018). Up to now, a lot of PIAs have been investigated as
active capping materials for the suppression of P liberated
from IPS, such as bentonite (Gu et al. 2019), bentonite mod-
ified with zirconium (Lin et al. 2019a), attapulgite modified
with thermal treatment (Yin and Kong 2015), CaO2-based
material (Zhou et al. 2019, 2020), zeolite (Xiong et al. 2018;
Gu et al. 2019), iron-modified zeolite (Zhan et al. 2019),
aluminum-modified zeolite (Gibbs and Özkundakci 2011),
activated carbon (Bonaglia et al. 2019), lanthanum-modified
bentonite (Spears et al. 2013; Wang et al. 2017; Li et al.
2019b), aluminum-modified attapulgite (Yin et al. 2018),
lanthanum/aluminum co-modified attapulgite (Yin et al.
2020), illite (Gu et al. 2019), lanthanum hydroxide (Lin
et al. 2019b), ferrihydrite (Zou et al. 2017; Yu et al. 2018),
industrial by-products (Spears et al. 2013), and calcite (Berg
et al. 2004; Zou et al. 2017). However, further development of
new, safe, high-efficiency, and low-cost active covering ma-
terials to suppress sedimentary P liberation is still imperative.

Calcite is a common mineral in the hydrosphere and litho-
sphere and has a certain affinity towards aqueous phosphate
(Karageorgiou et al. 2007; Sø et al. 2011; Li et al. 2017). The
utilization of calcite as an active covering material to manage P
release from IPS has a number of advantages. For example,
calcite is a non-toxic material and represents a common con-
stituent of sediments (Berg et al. 2004; Sø et al. 2011; Li et al.
2017). Furthermore, calcite has the absolute advantage of a low
cost. In addition, calcite capping could decrease the releasing
efflux of soluble reactive P (SRP) from sediments into overly-
ing waters (OL-WTs) (Berg et al. 2004; Lin et al. 2011; Zou
et al. 2017). However, the efficiency of the control of SRP
release from sediment by calcite capping is not very high
(Berg et al. 2004; Lin et al. 2011; Zou et al. 2017). Thus,
modification of calcite to enhance its phosphate immobilization
ability is very necessary for the utilization of the calcite-based
capping technology to effectively suppress sedimentary P lib-
eration. Iron is an eco-friendly element (Li et al. 2019a), and
iron oxide possesses high affinity towards phosphate in water

(Ajmal et al. 2018; Hilbrandt et al. 2019; Lyngsie et al. 2019). If
iron oxide is loaded onto the surface of calcite, the resultant Fe-
coated calcites (FMCAs) may have higher phosphate immobi-
lization ability than the raw calcite (RCA). Consequently,
FMCAs may be more promising active capping materials for
the suppression of P released from IPS than RCA.

Since iron oxide is very effective for phosphate removal
from water (Ajmal et al. 2018; Hilbrandt et al. 2019; Lyngsie
et al. 2019), the phosphate removal ability for FMCA may
vary with its Fe loading amount. Understanding the difference
of phosphate sorption performance among FMCAs with dif-
ferent Fe loading amounts is absolutely critical to determining
the efficiency and mechanism of FMCA capping to inhibit the
liberation of sedimentary P. Furthermore, knowing the impact
of FMCA capping on the mobilization of P in sediments at
various depths is also critical in determining the efficiency and
mechanism of FMCA capping for the interception of
sediment-P release. However, there are few studies on the
efficiency evaluation of the control of P release from IPS by
FMCA capping based on the effect of iron loading amount on
the phosphate removal and the influence of FMCA capping on
the mobilization of P in sediments at various depths. In addi-
tion, there is still a lack of enough understanding about the
mechanism for the interception of P release from IPS by the
FMCA capping.

This research aimed to evaluate the efficiency of FMCA
capping for preventing sedimentary P liberation as well as to
elucidate the controlling mechanism. For this purpose, the
performances of phosphate elimination from water by
FMCAs with different loading amounts of iron were compar-
atively investigated, themechanism for the phosphate removal
by FMCAwas explored, and the impact of FMCA capping on
the mobilization of P in sediments at various depths was stud-
ied. Results of this investigation will provide a solid basis for
the use of FMCA as an active covering material to control the
release of P from IPS in freshwater systems.

2 Materials and methods

2.1 Materials

The sediment samples utilized in this research were collected
from a small-sized, closed, and shallow freshwater body,
which is situated in Pudong New District, Shanghai City,
China. Before its use, the collected sediment samples were
air-dried, after which they were crushed, passed through a
standard 100 mesh (0.15 mm) sieve, and completely mixed.
The raw calcite with a particle size of less than 0.075 mm
(through a standard 200 mesh sieve) was used in this research,
and it was purchased from a factory situated in Changxing
County, Zhejiang Province, China. The reagents utilized in
this study were acquired from Sinopharm Chemical Reagent
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Co., Ltd., and all these chemicals were analytical pure. The
devices of high-resolution dialysis (HR-Peeper) and ZrO-
Chelex diffusive gradient in thin films (ZrO-Chelex DGT)
adopted in the present research were acquired from Nanjing
EasySensor Environmental Technology Co., Ltd.

2.2 Preparation and characterization of FMCAs

The preparation process of FMCAs was listed as follows.
Firstly, 100 mL of deionized water (DW) was added into each
of four 500-mL conical bottles, and 2, 4, 6, and 8 g of FeCl3·
6H2O were also added into these conical bottles, respectively.
Then, 20 g of calcite was introduced into each of these conical
bottles. After that, all the conical bottles were placed on a
constant temperature water bath oscillator and shaken at a
shaking speed of 150 rpm and a fixed temperature of 298 K
for 24 h. After the completion of the reaction, the solid mate-
rials were gathered by the centrifugal separation method, and
then, they were cleaned with DW for three times. Afterwards,
the solid materials were dried at 105 °C in an oven. After
drying, the solid materials were ground and kept in self-
sealing bags for the further studies. Hereafter, the resulting
FMCAs under the preparation conditions of the FeCl3·
6H2O/RCA mass ratios of 0.1, 0.2, 0.3, and 0.4 were named
as FMCA1, FMCA2, FMCA3, and FMCA4, respectively.

The crystal phases of RCA and FMCAs were revealed by
employing X-ray diffraction analysis (XRD) (Ultima IV,
Rigaku Corporation, Japan). The chemical compositions of
RCA and FMCAs were determined by employing X-ray fluo-
rescence spectrometer (XRF) (XRF-1800, Shimadzu
Corporation, Japan). An ASAP2460-specific surface area and
aperture analyzer (Micromeritics Instrument Corporation,
USA) was employed to acquire the nitrogen adsorption/
desorption isotherms of RCA and FMCAs at 77K. On the basis
of the corresponding experimental isotherm data, the Brunauer-
Emmett-Teller (BET) specific surface areas (SSAs), total pore
volumes (TPVs), and pore size (PS) distributions of RCA and
FMCAs were further computed. The chemical states of
FMCA4 samples without and with the phosphate sorption at
solution pH 7were analyzed by employingX-ray photoelectron
spectroscopy (XPS) (AXIS UltraDLD, Shimadu-Kratos
Corporation). All the values of binding energy (BE) were cal-
ibrated by adopting the value of BE for C 1s at 284.8 eV, and all
the XPS spectra were fitted by XPSPeak41 software.

2.3 Batch sorption experiments

Batch experiment tests were carried out to explore the influ-
ence of reaction time on the phosphate sorption onto RCA and
FMCAs and to make an investigation on the influence of
FMCA dosage and initial concentration of phosphate on the
sorption of phosphate onto FMCAs. All the batch sorption
experiments were implemented in duplicate in 50-mL conical

flasks, which contained 25-mL of phosphate solution and a
certainmass of RCA or FMCA. The conical flaskswere placed
on a stable temperature water bath oscillator and shaken at
150 rpm and 298 K for a defined contact time. After the sorp-
tion reaction was completed, the water samples were acquired
by centrifugation, and the concentration level of phosphate in
the as-obtained supernatant was determined by the spectropho-
tometry based on the molybdenum blue reaction. All the re-
sults were reported as themean values and standard deviations.
With regard to the study concerning the impact of reaction
time, the initial pH value was 7, the initial concentration of
phosphate was 10 mg L−1, the sorbent dosage was 25 mg,
and the time of reaction was set to be 1, 2, 4, 6, 8, 16, 24, 48,
and 76 h, respectively. In the sorbent dosage influence exper-
iment, the dosages of FMCAs were set to be 10, 30, 50, 60, 80,
and 100 mg, the time of reaction was 24 h, the initial pH of
solution was 7, and the initial concentration of phosphate was
10 mg L−1. Regarding the research on the influence of initial
phosphate concentration, the dosage of FMCAwas set to be 25
mg, the initial pH of solution was 7, the initial concentrations
of phosphate were 1, 2, 4, 6, 8, and 10mg L−1, and the reaction
time was 24 h. The phosphate sorption quantity (Q, mg P g−1)
and removal efficiency (RE, %) were computed according to
Eq. (1) and Eq. (2), respectively.

Q ¼ ci−c fð Þ � V
M

ð1Þ

RE ¼ ci−c f
ci

� 100 ð2Þ

where ci and cf represent the aqueous phosphate concentra-
tions prior to and after the sorption of phosphate, respectively
(mg P L−1); V stands for the volume of phosphate solution
(mL); M is the mass of the added sorbent (mg).

2.4 Sediment remediation experiments

We conducted sediment incubation experiments to explore the
effect of RCA and FMCA capping on the mobilization of phos-
phorus in sediment using a series of glass bottles with an inter-
nal diameter of about 10 cm and a volume of about 1800mL. In
order to build sediment cores, the completely mixed sediment
was introduced into the glass bottle, and the height of the sed-
iment core was 60 mm. Then, three types of sediment treat-
ments were designed (two glass bottles for each treatment) as
follows. The sediment core in column I was subjected to an
identical condition without adding capping materials, and this
column was named as control column. The sediment core in
column II was evenly capped with 20 g calcite (2.55 kg m−2),
and this column was named as RCA capping column. The
sediment core in column III was evenly capped with 20 g
FMCA1 (2.55 kg m−2), and this column was named as
FMCA capping column. After that, a mixed solution of
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NaCl/NaHCO3/CaCl2 was prepared, and the concentration
levels of NaCl, NaHCO3, and CaCl2 in the as-prepared solution
were 10, 1, and 1 mmol L−1, respectively. Then, the pH level of
the as-prepared solution was adjusted to 7.5, and the concen-
tration level of DO in the as-prepared solution was reduced to
less than 0.5 mg L−1 by employing the sodium sulfite oxidation
method (Kim et al. 2003). After that, the uncapped and capped
sediment cores were covered with the as-prepared solution, and
then, the bottle mouth was sealed by the rubber plug and white
vaseline in order to make all the sediment cores in an anoxic
environment. Then, all the sediment cores were away from light
and were incubated under indoor temperature. On day 73, the
DO concentrations and pH levels of OL-WT in all the columns
were monitored by employing a portable DO monitoring de-
vice and pH meter, respectively. In the meanwhile, water sam-
ples were taken out from all the columns, and the concentration
levels of SRP in the water samples were monitored by
employing the spectrophotometry based on the molybdenum
blue reaction. On day 86, the devices of HR-Peeper and ZrO-
Chelex DGTwere deployed into the sediment cores of different
columns. After 24 h of balanced reaction, the probes of ZrO-
Chelex DGT in all the columns were collected from the sedi-
ment cores and the sediments clung to the DGT surfaces were
cleaned by DW. Then, the probes of ZrO-Chelex DGT were
used to analyze the concentrations of DGT labile P and Fe
(hereafter abbreviated as DGT-P and DGT-Fe, respectively)
in the profiles of OL-WT and sediment. The procedure for
measuring DGT-P and DGT-Fe in the sediment/OL-WT pro-
file was introduced in detail in a previous literature (Liu et al.
2018). After 48 h of balanced reaction, the probes of HR-
Peeper were collected from the sediment cores and the sedi-
ments adhered to the HR-Peeper surfaces were eliminated with
tissue. Afterwards, the aqueous solution was taken out from
each cell of the HR-Peeper device collected, and these water
samples were kept in a series of 4-mL centrifuge tubes, respec-
tively. To avoid being oxidized, 20 μL of HCl solution with a
concentration of 100 mmol L−1 was then introduced into each
of the collected centrifuge tubes. The molybdenum-blue spec-
trophotometry was adopted to measure the concentration levels
of SRP in the aqueous solutions of the centrifuge tubes on a
microplate spectrophotometer at a detecting wavenumber of
630 nm. The o-phenanthroline spectrophotometry was
employed to determine the concentration levels of Fe2+ in the
aqueous solutions of the centrifuge tubes on a microplate spec-
trophotometer at a detecting wavenumber of 470 nm.

3 Results and discussion

3.1 Characterization of FMCAs

The XRD patterns of RCA and FMCAs are shown in Fig.
1. From Fig. 1, it was observed that the main X-ray

diffraction peaks of RCA were in accordance to those of
pure calcite (JCPDS 01-086-2334). This suggests that the
RCA used in this study was chiefly composed of calcite.
The XRD patterns of FMCAs showed that the main X-ray
diffraction peaks of FMCA1, FMCA2, FMCA3, and
FMCA4 were also consistent with those of pure calcite
(JCPDS 01-086-2334). This reveals that the modification
of RCA with Fe salts did not lead to an obvious change of
the crystal phase of RCA. That is to say, the as-prepared
FMCAs contained calcite. Table 1 shows the chemical
compositions of RCA and FMCAs. The XRF data indicate
that the major elementary component of RCA is Ca with
small amounts of Mg, Al, Si, and Fe, while the main ele-
mentary components of FMCA1, FMCA2, FMCA3, and
FMCA4 are Ca and Fe with small amounts of Mg, Al,
and Si. This further confirms that the RCA utilized in this
work is mainly composed of calcite. This also suggests that
the as-prepared FMCAs are mainly composed of calcite
and iron oxide. Furthermore, it is noted that the content
of Fe in FMCAs increases in the order of FMCA1 <
FMCA2 < FMCA3 < FMCA4, which suggests that the
more the quantity of iron salt added during the preparation
process, the more the amount of Fe loaded on the surface
of calcite. The nitrogen adsorption/desorption curves of
RCA and FMCAs are given in Fig. 2. The calculated
BET surface areas and total volumes are also listed in
Fig. 2. It was shown that the nitrogen adsorption isotherms
of RCA and FMCAs all belonged to type IV isotherm with
a hysteresis loop at a high value of relative pressure (P/P0),
which suggests the presence of mesopores (2–50 nm) (Liu
et al. 2019; Xu et al. 2020). Moreover, the content of ni-
trogen adsorbed increased sharply with the increase of P/
P0 at a low P/P0 value, demonstrating the presence of mi-
cropores (< 2 nm) (Lu et al. 2020). In addition, the iso-
therms of RCA and FMCAs raised quickly near P/P0 = 1,
suggesting the presence of macropores (> 50 nm) (Qiu and
Duan 2019). Thus, the RCA and FMCAs employed in this
research have a wide pore size distribution and possess
micropores, mesopores, and macropores. The average
PSs of RCA, FMCA1, FMCA2, FMCA3, and FMCA4
were calculated to be 16.0, 7.75, 4.77, 3.88, and 3.85 nm,
respectively. Obviously, the modification of RCA with Fe
reduced the mean PS of the solid material. Furthermore,
the TPVs of RCA, FMCA1, FMCA2, FMCA3, and
FMCA4 were found to be 0.00305, 0.0171, 0.0215,
0.0310, and 0.0365 cm3 g−1, respectively, and the BET
SSAs of RCA, FMCA1, FMCA2, FMCA3, and FMCA4
were determined to be 1.11, 8.64, 18.9, 33.0, and 38.7 m2

g−1, respectively. These results indicate that the modifica-
tion of RCA with Fe tremendously increases the TPV and
SSA of the solid material, and the more the amount of iron
salt added during the preparation process, the more the
TPV and SSA of the as-synthesized FMCA. It should be
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noted that a high specific surface area of an adsorbent may
be favorable for pollutant adsorption from aqueous solu-
tion. The volumes of micropores and mesopores in FMCAs
were much larger than that in RCA, and that in FMCAs
increased in the order of FMCA1 < FMCA2 < FMCA3 <
FMCA4. This demonstrates that the generated iron oxide
on the surface of RCA has plenty of micropores and
mesopores.

3.2 Comparison of phosphate removal by FMCAs with
different Fe loading amounts and removal
mechanism of phosphate by FMCA

The influence of contact time on the removal of phosphate by
RCA, FMCA1, FMCA2, FMCA3, and FMCA4 is given in
Fig. 3a. From Fig. 3a, it was observed that the phosphate re-
moval efficiency of RCA was very low (0.50–1.50%) at the
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Fig. 1 XRD patterns of a RCA, b FMCA1, c FMCA2, d FMCA3, and e FMCA4
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reaction time of ≤ 8 h, but it slightly rose to 5.36–7.33% as the
reaction time increased from 8 to 16–24 h, and greatly in-
creased to 80.2% with an increase of reaction time from 24 to
76 h. This indicates that the RCA employed in this study has
low phosphate removal ability at a relatively high concentration
of phosphate during an early reaction stage, but it has high
removal ability for phosphate in the later reaction stage.
Previous studies have shown that the phosphate removal mech-
anism of calcite depended upon the initial concentration of
phosphate in aqueous solution and reaction time, and the elim-
ination of phosphate by calcite was primarily controlled by
adsorption at a relatively low concentration of phosphate and
a reactively short reaction time (Sø et al. 2011; Li et al. 2017).
The maximum phosphate monolayer adsorption capacity for
calcite shown in a previous literature (Sø et al. 2011) was found
to be 1.4 μmol m-2. Based on this data, the theoretical maxi-
mum phosphate monolayer adsorption capacity for RCA can
be determined to be about 0.05 mg g−1 because the surface area
of RCA was 1.11 m2 g−1. In addition, the desorption of phos-
phate from the phosphate-adsorbed calcite can be complete in
less than 0.5 h (Sø et al. 2011). Thus, RCA is expected to have a
low adsorption capacity for aqueous phosphate, and the inter-
action between the adsorbed phosphate and the RCA surface is
expected to be weak. Previous studies also have shown that the
elimination of phosphate by calcite at a high concentration of
phosphate mainly involves two mechanisms: adsorption and
precipitation (Sø et al. 2011; Liu et al. 2012; Li et al. 2017).
In other words, the removal process of phosphate at a high
concentration from water by calcite has the following features:
an initial rapid adsorption of phosphate on calcite, followed by
the precipitation of calcium phosphate on calcite (Sø et al.
2011; Liu et al. 2012; Li et al. 2017). The amounts of phosphate
sorbed onto RCAwere calculated to be 0.05–0.15mg g−1 at the
reaction time of ≤ 8 h according to the phosphate removal
efficiency, and these values were very close to the predicted
maximum phosphate adsorption capacity for RCA (0.05 mg
g−1). Thus, we deduced that the removal of phosphate by the
RCA utilized in this research at a relatively high concentration
of phosphate (e.g., 10 mg L−1) in the early reaction stage was
primarily dominated by the surface adsorption mechanism,
while the uptake of phosphate by the RCA employed in this
work during the later reaction was primarily dominated by the
calcium phosphate precipitation mechanism. From Fig. 3a, it

also can be observed that the phosphate removal efficiencies of
FMCA1, FMCA2, FMCA3, and FMCA4 tended to increase on
the whole with the increase of reaction time. Furthermore, the
removal efficiencies of phosphate by FMCA1, FMCA2,
FMCA3, and FMCA4were higher than that of RCA at reaction
time of ≤ 24 h, and the difference in the efficiency of phosphate
removal between FMCA and RCA increased with the increase
of the Fe loading amount on the surface of calcite. This means
that the modification of RCA with Fe enhances its phosphate
removal ability during the early reaction stage, and this en-
hancement will increase as the loading amount of Fe on RCA
increases. Previous literatures have observed that iron oxide
possesses strong affinity towards aqueous phosphate, and the
ligand-exchange reaction between phosphate and surface hy-
droxyl group to form the inner-sphere Fe-O-P bonding mainly
controls the uptake of phosphate by iron oxide (Cao et al. 2016;
Lin et al. 2020; Qiu et al. 2020). Thus, we deduced that the
improvement of phosphate sorption by the modification of
RCA with Fe could mainly thank to the generation of inner-
sphere Fe-phosphate complexes through the ligand-exchange
reaction of Fe-bound hydroxyl groups with phosphate. At a
relatively short reaction time (≤ 8 h), the major mechanisms
for the elimination of phosphate by FMCAs are expected to
be the surface adsorption of phosphate onto calcite and Fe
species. At a relatively long reaction time (≥ 8 h), phosphate
could be removed by FMCAs mainly through the surface ad-
sorption of phosphate onto calcite, the surface adsorption of
phosphate onto iron species, and the precipitation of calcium
phosphate.

The effects of FMCA dosage on the efficiencies of phos-
phate removal by FMCAs and the amounts of phosphate
sorbed onto FMCAs are presented in Fig. 3b and c, respective-
ly. As shown in Fig. 3b, when the FMCA dosage rose from 0.4
to 4.0 g L−1, the efficiencies of phosphate removal by FMCA1,
FMCA2, FMCA3, and FMCA4 at reaction time of 24 h rose
from 3.31 to 42.7%, 6.44 to 62.5%, 8.45 to 88.5%, and 10.5 to
94.2%, respectively. This means that a high FMCA dosage will
be conductive to the elimination of phosphate from water, and
the addition of sufficient dose of FMCA into water could re-
duce the concentration of aqueous phosphate to a low level.
From Fig. 3b, the phosphate removal efficiency of FMCAs at
sorbent dosages of 1.2–4.0 g L−1 increased in the order of
FMCA1 < FMCA2 < FMCA3 < FMCA4, which further sug-
gests that a higher loading amount of Fe on RCA will be ben-
eficial to the elimination of phosphate from water. As depicted
in Fig. 3c, as the sorbent dosage was in the range of 0.4 and
4.0 g L−1, the amounts of phosphate sorbed onto FMCA1,
FMCA2, FMCA3, and FMCA4 at reaction time of 24 h fluc-
tuated between 0.827 and 1.24, 1.56 and 1.69, 2.11 and 2.68,
and 2.36 and 3.11 mg P g−1, respectively. This demonstrates
that phosphate can be effectively accumulated on the surface of
FMCA, and the maximum quantity of phosphate sorbed onto
FMCA could come up to 3.11 mg P g−1.

Table 1 Chemical compositions (wt.%) of RCA and FMCAs

Compound formula RCA FMCA1 FMCA2 FMCA3 FMCA4

MgO 1.23 1.10 0.881 0.928 0.737

Al2O3 0.332 0.049 0.044 0.033 0.032

SiO2 0.028 0.048 0.041 0.037 0.042

CaO 98.2 90.5 83.2 78.0 70.0

Fe2O3 0.033 8.19 15.7 20.9 29.1
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The influence of initial phosphate concentration on the
sorption of phosphate on FMCAs is given in Fig. 3d. It was
shown that the phosphate sorption capacity for FMCA
tended to increase with the increase of initial phosphate
concentration, and it also tended to increase with the aug-
ment of the loading amount of Fe on RCA. From Fig. 3d, it
also can be seen that the maximum amount of phosphate
sorbed onto FMCA could reach 4.99 mg P g−1, which was

relatively high. This is beneficial to the practical applica-
tion of FMCA as an active capping material for the man-
agement of P released from sediment. The mechanism of
phosphate sorption can be revealed by sorption isotherm
models. The experimental data in Fig. 3d were further an-
alyzed by three common isotherm models including the
Langmuir (Eq. (3)), Freundlich (Eq. (4)), and Dubinin-
Radushkevich (D-R) (Eq. (5) ) i so therm models
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(Langmuir 1916; Freundlich 1926; Mahmoud et al. 2020),
and the results are given Fig. 3e and Table 2.

q f ¼
QmkLc f
1þ kLc f

ð3Þ

q f ¼ k Fc f 1=n ð4Þ

q f ¼ QDRexp −kDR RT ln 1þ 1

c f

� �� �2
 !

ð5Þ

where qf is the amount of phosphate sorbed on a sorbent after
sorption (mg g−1); cf is the concentration level of aqueous
phosphate after sorption (the unit is mg L−1 for the
Langmuir and Freundlich models, and it is mol L−1 for the
D-R model); Qm is the maximum quantity of phosphate
sorbed onto a sorbent predicted from the Langmuir isotherm
model (mg g−1); kL (L mg−1) and kF (mg(1-1/n) L1/n g−1) are the
constants of Langmuir and Freundlich models, respectively;
1/n is also the Freundlich constant; QDR is the maximum con-
tent of phosphate sorbed on a sorbent predicted from the D-R
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Fig. 3 a Effect of contact time on phosphate removal by RCA and
FMCAs; impact of FMCA dosage on b phosphate removal efficiency
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isotherm equation (mg g−1); kDR is the constant of D-R (mol2

kJ−2); E is the average free energy of sorption (kJ mol−1).
The coefficients of correlation (R2) of the Freundlich

and D-R isotherm models were higher than that of the
Langmuir isotherm model as shown in Table 2. Thus, the
Freundlich and D-R isotherm models are the better-fitted
models for the sorption of phosphate on FMCAs than the
Langmuir isotherm model. The calculated 1/n values be-
tween 0 and 1 suggested favorable sorption of phosphate
on FMCAs (Lin and Zhan 2012). The calculated kF value
for the sorption of phosphate on FMCAs increased in the
order of FMCA1 < FMCA2 < FMCA3 < FMCA4, further
confirming the increase in the phosphate sorption ability
with the increase of the Fe loading amount on calcite. The
value of E can be used to distinguish the mechanisms of
physisorption and chemisorption, and the E values in the
range of 1–8 kJ mol−1 and > 8 kJ mol−1 refer to the
physisorption and chemisorption types, respectively
(Chabani et al. 2006; Meghdadi 2018; Abo Markeb et al.
2019; Mahmoud et al. 2020). The calculated E values for
phosphate sorption onto FMCA1, FMCA2, FMCA3, and
FMCA4 were 18.0, 13.5, 14.3, and 15.5 kJ mol−1, respec-
tively, which were higher than 8 kJ mol−1. This reveals that
chemisorption mechanism plays an important role in the
uptake of phosphate by FMCAs. That is to say, the forming
of inner-sphere Fe-O-P bonding by means of the replace-
ment of Fe-bound hydroxyl groups (Fe-OH) with phos-
phate and the precipitation of calcium phosphate are ex-
pected to play a significant role in the sorption of phos-
phate on FMCAs.

XPS is a valuable method to explore the interaction
between sorbents and sorbates during the sorption process
(Jiang et al. 2018). In order to clarify the mechanism for
the sorption of phosphate onto FMCA, the FMCA4 sam-
ples without and with the sorption of phosphate were com-
paratively characterized by the XPS analysis, and the re-
sults are given in Fig. 4. As shown in Fig. 4a, FMCA4 had
the XPS peaks of Ca 2p, O 1s, C 1s, and Fe 2p on the

survey spectrum. This could be attributed to the fact that
FMCA4 is mainly composed of calcite and iron oxide.
After the sorption of phosphate, the XPS peaks of Ca 2p,
O 1s, C 1s, and Fe 2p were also present on the survey
spectrum of the P-loaded FMCA4. This indicates that the
P-loaded FMCA4 still contained calcite and iron oxide.
Based on the experimental data listed in Fig. 4a, the atomic
concentrations on the surfaces of raw and P-loaded
FMCA4 were computed, and the results are listed in
Table 3. It was shown that the atomic concentration of P
increased from 0 to 0.59% after the sorption of phosphate
on FMCA4, which indicates that phosphate has been load-
ed onto the surface of FMCA4 after the phosphate sorp-
tion. As depicted in Fig. 4b, the XPS peaks of Fe 2p1/2 and
Fe 2p3/2 were situated at 724.58 and 710.98 eV, respec-
tively, which were very close to those of hydroxide ferric
oxide (Zhang et al. 2018; Wei et al. 2019; Lin et al. 2020).
This further indicates the formation of Fe-OH on the sur-
face of calcite after the modification of RCA with Fe. After
the sorption of phosphate on FMCA4, the XPS peaks of Fe
2p1/2 and Fe 2p3/2 shifted to lower binding energy values,
which confirms the occurrence of the exchange of Fe-
bound hydroxyl groups (Fe-OH) with phosphate anions
to generate the Fe-O-P inner-sphere complexation (Zhang
et al. 2018; Lin et al. 2020). As described in Fig. 4c, the
XPS peaks of Ca 2p1/2 and Ca 2p3/2 for the fresh FMCA4
were situated at 350.68 and 347.08 eV, respectively, which
were very close to those of calcite. This further confirms
that the Ca species in FMCAs is in form of calcite (Wei
et al. 2019; Dong et al. 2020). After the sorption of phos-
phate on FMCA4, the XPS peaks of Ca 2p1/2 and Ca 2p3/
2 slightly shifted to the lower values of binding energy.
This confirms the forming of strong chemical bonds (Ca-
O-P) between calcium and phosphate after the uptake of
phosphate by FMCAs (Jiang et al. 2018; Dong et al. 2020).
From Fig. 4d, it can be seen that the XPS peak of P 2p in
FMCA4 was situated at 133.15 eV, which was higher than
the BE value of P 2p in phosphate-adsorbed magnetic

Table 2 Parameters of isotherm
models for phosphate sorption
onto FMCAs

Isotherm model Parameter FMCA1 FMCA2 FMCA3 FMCA4

Langmuir Qm (mg g−1) 1.08 2.36 3.63 3.95

kL (L mg−1) 3.16 1.40 1.20 5.58

R2 0.685 0.782 0.599 0.699

Freundlich kF 0.747 1.21 1.91 2.71

1/n 0.183 0.329 0.315 0.277

R2 0.887 0.899 0.830 0.870

D-R QDR (mg g−1) 2.07 7.40 9.89 11.0

kDR (mol2 kJ−2) 0.00154 0.00273 0.00245 0.00207

E (kJ mol−1) 18.0 13.5 14.3 15.5

R2 0.872 0.886 0.795 0.855
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cationic hydrogel though cationic attraction mechanism
(131.9 eV)(Dong et al. 2017). However, the XPS peak of
P 2p in FMCA4 (133.15 eV) was close to that in
phosphate-bound by iron oxide through an inner-sphere
Fe-O-P complexation mechanism (133.08–133.60 eV)
(Mallet et al. 2013; Lin et al. 2020). Thus, the interaction
between phosphate and Fe/Ca is expected to be stronger
than the electrostatic attraction, and the formation of chem-
ical bonds between Fe/Ca and phosphate plays a signifi-
cant role in the uptake of phosphate by FMCAs. Therefore,
the XPS analysis results confirm that the formation of Fe-
O-P inner-sphere complexes by way of a ligand exchange
reaction and the precipitation of calcium phosphate could

play an important role in the sorption of phosphate onto
FMCAs.

3.3 Impact of FMCA capping on concentration of SRP
in OL-WT

The effect of FMCA capping on the release of sedimentary P
into OL-WT was investigated by adopting the traditional ac-
tive sampling technique. The results found that the concentra-
tions of OL-WT SRP in the control, RCA capping and FMCA
capping columns on day 73 were 0.283 ± 0.028, 0.219 ±
0.013, and 0.013 ± 0.009 mg L−1, respectively, and the DO
concentrations of OL-WT in the control, RCA capping, and
FMCA capping columns on day 73 were 0.49 ± 0.04, 0.34 ±
0.05, and 0.37 ± 0.06 mg L−1, respectively. This demonstrates
that, under anoxic condition, P could be released from sedi-
ment into OL-WT. This also indicates that RCA capping
could only slightly inhibit the release of SRP from sediment
into OL-WT under anoxic condition, with the SRP reduction
efficiency of 22.6%. However, FMCA capping can signifi-
cantly inhibit the release of SRP from sediment into OL-WT
under anoxic condition, with the SRP reduction efficiency of
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Table 3 Atomic concentrations (%) of elements on the surfaces of
FMCA4 before and after phosphate sorption

Materials C O Fe Ca P

Original FMCA4 45.8 40.6 5.89 7.75 0.00

P-loaded FMCA4 40.9 43.2 6.96 8.36 0.59
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95.4%. Thus, from a viewpoint of the efficiency of the sup-
pression of sedimentary P liberation into OL-WT, the use of
FMCA as a capping material is more promising for the man-
agement of SRP released from IPS into OL-WT than that of
RCA.

3.4 Impact of FMCA capping on concentrations of SRP
and Fe2+ in profile of OL-WT and sediment

In order to further understand the impact of FMCA capping on
the release of sedimentary P into OL-WT, the vertical distri-
butions of SRP and Fe2+ in the sediment/OL-WT profiles for

the control, RCA capping, and FMCA capping columns on
day 86 were comparatively studied by employing an in situ
passive sampling techniques, i.e., HR-Peeper, and the results
are given in Fig. 5. For the control column, the concentration
level of SRP in the interstitial water was higher than that in the
overlying water. Furthermore, it increased with increasing
depth in the sediment profile within a certain depth. This in-
dicates that, under no capping condition, P could be released
from the sediment solid into the overlying water, and the risk
of SRP liberated from the sediment solid into the interstitial
water tends to increase with increasing depth in the sediment
profile within a certain depth. Moreover, the concentration

-(15-20)

-(10-15)

-(5-10)

-(0-5)

0-5

5-10

10-15

15-20

20-25

25-30

30-35

35-40

40-45

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

SRP concentration (mg L
-1
)

)
m

m(
ht

pe
D

 Control

 RCA capping

 FMCA capping

(a)

-(15-20)

-(10-15)

-(5-10)

-(0-5)

0-5

5-10

10-15

15-20

20-25

25-30

30-35

35-40

40-45

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

Fe
2+

 concentration (mg L
-1
)

)
m

m(
ht

pe
D

 Control

 RCA capping

 FMCA capping

(b)

-(15-20)

-(10-15)

-(5-10)

-(0-5)

0-5

5-10

10-15

15-20

20-25

25-30

30-35

35-40

40-45

0 10 20 30 40 50 60 70 80 90 100

Reduction rate (%)

)
m

m(
ht

pe
D

 SRP

 Fe
2+

(c)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

F
e2

+
L

g
m(

-1
)

SRP (mg L
-1
)

(d)

y = 6.63 x + 0.100

R2
 = 0.977

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

F
e2

+
L

g
m(

-1
)

SRP (mg L
-1
)

(e)

y = 4.56 x - 0.142

R2
 = 0.943

0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

F
e2

+
L

g
m(

-1
)

SRP (mg L
-1
)

(f)

y = 10.8 x - 0.0520

R2
 = 0.856 

Fig. 5 Vertical distributions of a SRP and b Fe2+ in different columns; c reduction rates of SRP and Fe2+ by FMCA capping; relationships between SRP
and Fe2+ for d control, e RCA capping, and f FMCA capping columns

651J Soils Sediments (2021) 21:641–657



level of interstitial water Fe2+ was larger than that of OL-WT
Fe2+, and it rose with increasing depth in the sediment profile
within a certain depth (Fig. 5b). This demonstrates that, under
no capping condition, Fe could be liberated from the sediment
solid into the overlying water, and an increase in the sediment
depth increases the risk of Fe2+ liberated from the sediment
solid to the interstitial water within a certain depth.
Furthermore, from Fig. 5d, it was found that the concentration
level of SRP in the profile of sediment and OL-WT had a
fairly good linear relation with the Fe2+ concentration (R2 =
0.977). This confirms that the reductive dissolution of Fe(III)
oxyhydroxides (FeOOH) and then the synchronous release of
Fe2+ and SRP are critical to the mobilization of P from the
sediment solid to the interstitial and overlying waters under no
capping condition. The release of P from sediments due to the
reduction and dissolution of Fe-P compounds has also been
observed in previous studies (Gao et al. 2016; Yang et al.
2019; Norgbey et al. 2020; Wang et al. 2020; Yuan et al.
2020). From Fig. 5a, it also can be seen that RCA capping
did not prevent the release of SRP from the sediment solid into
the interstitial and overlying waters on day 86. It should be
noted that the controlling efficiency of sediment-P liberation
to OL-WT by RCA capping on day 73 was 22.6%, which was
different to that on day 86. This may be attributed to the fact
that although RCA capping could decrease the risk of
sediment-P release during the early stage of RCA application,
it could not control the release of P from sediment during the
later stage of RCA application. In contrast to RCA capping,
FMCA capping can effectively inhibit the liberation of SRP
from sediment to interstitial and overlying waters (Fig. 5a).
The reduction rates of OL-WT SRP by the FMCA capping
layer were computed to be 16.7–60.0%, and the efficiencies of
the reduction of interstitial water SRP in the top 20 mm sed-
iments by the FMCA capping layer were found to be in the
range of 48.2% and 93.9% (Fig. 5c). Under FMCA capping
condition, an obvious stratification of interstitial water SRP
appeared in the profile of sediment. This phenomenon was
highlighted by the forming of a phosphorus static layer in
the top sediment (average concentration: 0.0169 mg L−1;
depth: 10 mm), followed by an active sediment layer (average
concentration: 0.135 mg L−1; depth: 10 mm). Similar results
have also been observed for sediment capping with
lanthanum-modified bentonite (Wang et al. 2017) and
zirconium-modified bentonite (Lin et al. 2019a). From Fig.
5b, it was observed that RCA capping had no negative impact
on the concentration levels of Fe2+ in the overlying water and
the interstitial water of the top 5 mm sediment but had a
certain effect of interstitial water in the lower sediment, while
FMCA capping greatly decreased the concentration level of
Fe2+ in the overlying water and the top 20 mm sediment, with
the reduction rates of 27.8–95.0% (Fig. 5c). This suggests that
the Fe2+ species in the overlying and interstitial waters could
be effectively removed by the FMCA capping layer, resulting

in an accumulation of Fe on the surface of FMCA in the
capping layer. This also indicates that sediment capping using
FMCA does not give rise to an increase in the risk of Fe
released from sediment to OL-WT. In the RCA capping col-
umn, the SRP concentration of overlying and interstitial wa-
ters had a fairly good linear relation with the concentration of
Fe2+ (Fig. 5e), which indicates that the cycle of Fe-coupled P
is an important mechanism governing the release of SRP from
the sediment solid into the interstitial water under RCA cap-
ping condition. In the FMCA capping column, the concentra-
tion of interstitial water SRP in the active layer of sediment
had a relatively good linear relation with the concentration of
interstitial water Fe2+ (Fig. 5f), which means that the iron-
coupled P cycle plays a significant role in the release of SRP
from the active sediment layer to the interstitial water under
FMCA capping condition.

It is widely accepted that there are two basic steps for the
upward migration of P from sediment into OL-WT (Boström
et al. 1988; Lin et al. 2019c). The first step is the transport of P
from sediment to interstitial water, and the second step is the
diffusion of SRP from interstitial water to OL-WT (Boström
et al. 1988; Lin et al. 2019c). Without capping, P could be
liberated from sediment into the interstitial water via the re-
ductive dissolution of iron(III) oxides/hydroxides, bringing
about a high concentration level of interstitial water SRP in
the sediment layer. The SRP in the interstitial water could be
further transported into the overlying water through a molec-
ular diffusion mechanism, thus bringing about the release of P
from sediment to the overlying water and the high concentra-
tion level of SRP in the overlying water under anoxic condi-
tion. With RCA capping, on one hand, P could be liberated
from sediment to the interstitial water through the reductive
dissolution of iron(III) oxides and hydroxides, thereby
resulting in a high concentration of SRP in the interstitial
water; but on the other hand, the RCA capping layer may have
a low adsorption ability for the interstitial water SRP at a low
concentration, possibly leading to a slight influence on the
concentration of interstitial water SRP. This may give a rise
to a high concentration level of SRP in the interstitial water
under RCA capping condition. The high concentration level
of SRP in the interstitial water and the low phosphate adsorp-
tion capacity for the RCA capping layer may cause a high
releasing flux of SRP from the RCA-capped sediment to the
overlying water. This may eventually lead to the fact that the
RCA capping layer had a low efficiency of the suppression of
SRP liberation from sediment to the overlying water or cannot
prevent the release of SRP from sediment into the overlying
water compared with no capping.With FMCA capping, P still
could be released from sediment to the interstitial water via the
Fe-P coupling mechanism, thereby resulting in the increase of
the interstitial water SRP concentration. However, the FMCA
capping layer could effectively adsorb the SRP in the intersti-
tial water due to the strong affinity of FMCA towards aqueous
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phosphate, bringing about the decrease of the interstitial water
SRP concentration level. This will result in a low concentra-
tion of SRP in the interstitial water under FMCA capping
condition, especially a very low concentration of SRP in the
top sediment (i.e., the formation of a static layer in the top
sediment). The very low concentration of interstitial water
SRP in the top sediment and the good phosphate adsorption
performance of the FMCA capping layer will generate the low
releasing flux of SRP from the FMCA-capped sediment to the
overlying water and the high controlling efficiency of
sediment-P release to the overlying water by the FMCA cap-
ping layer. Thus, the forming of a static layer in the top sed-
iment caused by the sorption of SRP on the FMCA capping
layer should be of vital importance to the suppression of SRP
released from IPS into OL-WT by the use of FMCA as an
active capping material.

It should be noted that FMCA capping also could reduce
the concentration level of interstitial water Fe2+ in the upper
sediment, especially could significantly reduce the concentra-
tions of interstitial water Fe2+ in the top 20mm sediment layer,
thereby giving rise to the accumulation of Fe on the FMCA
capping layer. Ding et al. (2018) conducted an experimental
research concerning the effect of lanthanum-modified benton-
ite clay (LMB) on the transport and transformation of Fe in
sediment and found that the application of LMB could bring
about the decrease of the concentration of Fe2+ in the intersti-
tial water, thereby causing the accumulation of Fe in the LMB
capping layer (Ding et al. 2018). This study also found that the
adsorption of Fe on LMB is very important to the stabilization
of LMB-bound P (Ding et al. 2018). Thus, the sorption of Fe
on the FMCA covering layer may be important to the stabili-
zation of FMCA-bound P. However, this inference still need-
ed to be further confirmed.

3.5 Impact of FMCA capping on concentrations of
DGT-P and DGT-Fe in sediment/OL-WT profile

In order to further illuminate the effect of FMCA capping on P
release from sediment into OL-WT, the vertical distributions
of DGT-P and DGT-Fe in the sediment/OL-WT profiles in the
control, RCA capping, and FMCA capping columns on day
86 were comparatively studied by employing an in situ pas-
sive sampling techniques, i.e., ZrO-Chelex DGT, and the re-
sults are given in Fig. 6. A DGT-labile element in sediment
not only comes from the dissolved fraction of the element in
the interstitial water, but also comes from the labile fraction of
the element in the sediment solid that can be dynamically
released to resupply the element concentration in the intersti-
tial water (Lin et al. 2017). The concentration of DGT-P in
sediment could be used to reflect the risk of P release from
sediment, and the combined use of DGT-P and DGT-Fe could
be used to reflect the coupled cycle of P and Fe (Gao et al.
2016; Chen et al. 2019; Yuan et al. 2020). As shown in Fig. 6a

and b, on the whole, the concentration levels of DGT-P and
DGT-Fe in the sediment layers were greater than those in the
overlying water, and they tended to rise with increasing depth
in the sediment profile within a certain depth range. These
results mean that P and Fe could be released from sediment
into the interstitial water, and then, they could be transported
into the overlying water. Furthermore, the concentration level
of DGT-P in the profile of sediment and OL-WT in the control
column had a fairly good linear relation with the concentration
of DGT-Fe (Fig. 6d), which further confirms the simultaneous
liberation of phosphorus and iron into the overlying and inter-
stitial waters via the mechanism of Fe-coupling P cycle.
Furthermore, the vertical distributions of DGT-P and DGT-
Fe in the profiles of sediment and OL-WT in the RCA and
FMCA capping columns were similar to those in the control
column (Fig. 6a and b), and the concentrations of DGT-P in
the RCA and FMCA capping columns had a fairly good linear
relation with those of DGT-Fe (Fig. 6e, f). This demonstrates
that P also could be released from the RCA-capped and
FMCA-capped sediments under our experimental condition
through the Fe-coupled P cycling mechanism. Compared with
the control column, the concentrations of DGT-P in the over-
lying water and in the top 18 mm sediment for the RCA
capping columnwere larger (Fig. 6a). This result suggests that
the RCA capping cannot control the release of sediment-P into
the interstitial water of the top sediment layer and to the over-
lying water during the later stage of RCA application.
However, the concentration levels of DGT-P in the overlying
water and the top 22 mm sediment under the condition of
FMCA capping were lower than those under the condition
of no capping, with the reduction efficiencies of 13.2–93.2%
(Fig. 6a and c). This demonstrates that the FMCA capping
could effectively inhibit the release of sediment-P into the
interstitial water of the top sediment layer and to the overlying
water. Similar to the effect of FMCA capping on the concen-
tration of interstitial water SRP in the sediment layer, FMCA
capping also led to the stratification of DGT-P in the sediment
layer, i.e., the generation of a phosphorus static layer in the top
sediment as well as a phosphorus active layer in the lower
sediment. In addition to the reduction of DGT-P, the FMCA
capping also could reduce the concentrations of DGT-Fe in
the overlying water and the top 22 mm sediment layer, with
the reduction rates of 12.6–95.9% (Fig. 6b, c). This further
confirms that the FMCA capping cannot lead to the increase in
the releasing risk of sedimentary Fe to the overlying water.
This also further confirms the accumulation of Fe on the
FMCA capping layer after its application.

3.6 Implication for application

The present study observed that RCA capping could only
slightly decrease the concentration of SRP in OL-WT during
the early stage of RCA application or cannot control the
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release of SRP from sediment to OL-WT during the later stage
of RCA application, while sediment capping using FMCA can
suppress the release of SRP from sediment to OL-WT effec-
tively. In addition, FMCA exhibited stronger phosphate ad-
sorption ability for aqueous phosphate than RCA. Thus,
FMCA is a more promising capping material for the control
of P release from sediment than RCA from the point of view
of the interception efficiency. For the application of FMCA as
an active capping material to intercept sedimentary P libera-
tion, the optimization of the mass ratio of Fe salt to RCA

during the preparation process of FMCA is of the utmost
importance. This is because the increase in the mass ratio of
Fe salt to RCA during the FMCA preparation process could
increase its phosphate adsorption capacity, but the price of the
as-synthesized FMCA also increases. Our study found that the
phosphate removal performance of FMCAs increased in the
order of FMCA1 < FMCA2 < FMCA3 < FMCA4. However,
the price of FMCAs also increases in the order of FMCA1 <
FMCA2 < FMCA3 < FMCA4. Therefore, FMCA1 could be
considered to be a good FMCA choice for the control of P
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release from IPS in freshwater bodies from the point of view
of the remediation cost, while FMCA4 could be considered to
be a good FMCA choice for the suppression of sedimentary P
release from the standpoint of the controlling efficiency.

4 Conclusions

FMCA exhibited better phosphate adsorption ability for phos-
phate in water than RCA, and the phosphate removal efficiency
of FMCA increased with its loading amount of Fe. High
FMCA dosage is favorable for the elimination of phosphate
from water, and the quantity of phosphate removed by
FMCA increased with the increase of initial phosphate concen-
tration. The generation of Fe-O-P inner-sphere complexes by
way of a ligand exchange reaction and the precipitation of
calcium phosphate could be of vital importance to the sorption
of phosphate onto FMCA. FMCA capping not only led to the
reductions in the concentrations of SRP and DGT-P in the
overlying water, but also brought about the reductions in the
concentrations of interstitial water SRP and DGT-P in the top
sediment. The reduction of interstitial water SRP and DGT-P in
the top sediment by the FMCA capping layer played a huge
role in the suppression of the release of SRP from sediment to
OL-WT. In addition, FMCA capping brought about the reduc-
tions of the concentrations of Fe2+ andDGT-Fe in the overlying
water and the upper sediment, suggesting a low risk of Fe
releasing from the FMCA capping layer. All results indicate
that FMCA has potential for use in the remediation of P-
contaminated sediments in freshwater bodies. However, full-
scale testing is still needed before the use of FMCA as an active
capping material to inhibit the release of P from IPS in fresh-
water bodies. In addition, it is also very necessary to evaluate
the stabilization of P bound by FMCA after its application.
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